Staphylococcus aureus represents an important pathogen in patients with cystic fibrosis (CF), owing to its early and persistent colonization of airways for extended periods. Although the median predicted survival age of patients with CF has increased during the last decade, pulmonary infections are still a challenge. In this study, we investigated the adaptation of S. aureus isolates cultured from airway specimens of a patient with CF by comparing the proteome of the first and latest available isolate, recovered 13 years apart. Our data revealed changes in the abundance of proteins involved in energy metabolism, cellular processes, transport, and binding. Most importantly, these changes resulted in an iron-scavenging phenotype and increased activity of superoxide dismutase M, with most changes probably facilitating the long-term persistence of S. aureus in the airways of individuals with CF. Our results underscore the potential of S. aureus for niche adaptation during long-term persistence within the hostile airway environment of individuals with CF.
As a major human pathogen, Staphylococcus aureus causes a wide spectrum of nosocomial and community-acquired infections, varying from skin lesions or abscesses to osteomyelitis, pneumonia, endocarditis, and sepsis [1] . In addition, S. aureus represents an important pathogen in individuals with cystic fibrosis (CF) [2, 3] . CF is a recessively inherited disorder and affects about 70 000 people worldwide [2] . The disease is caused by mutations in a chloride channel, the CF transmembrane conductance regulator [4] . Dysregulation or absence of the channel results in dehydration of the airway mucus, followed by decreased mucociliary clearance, which results in accumulation of mucus and trapped bacteria [5] . S. aureus is one of the first bacterial pathogens isolated from the airways of patients with CF and is the most frequently detected pathogen in children and adolescents [2, 3] . Even though Pseudomonas aeruginosa becomes the predominant pathogen in adults with CF, >40% continue to be affected by S. aureus [2, 3] . Despite repeated antibiotic treatment, in most cases a predominant S. aureus clone persists for long periods [6] . Permanent or repeated inflammation and infection of the lungs is accompanied by drastic damage of the lung epithelium and decreased lung function. The resultant respiratory insufficiency is the major cause of morbidity and mortality in CF [7] .
During long-term colonization and infection, S. aureus is exposed to the host immune system, numerous medical interventions, various coinfecting species, and different oxygen pressures, promoting the adaptation of the pathogen to this environment [8] . Adaptation has been shown to be associated with genetic and phenotypic changes of S. aureus [8] [9] [10] .
Proteomic analysis is a powerful tool yielding improved understanding of the pathophysiology and virulence of bacteria. The response of S. aureus to different environmental conditions or stimuli, including transition from the exponential to the stationary phase [11] , glucose starvation [12] , oxidative stress [13] , and the response to antibiotic therapy [14] , has been extensively studied. Data from these analyses are summarized in Aureolib, a proteome signature library [15] . In addition, the cell-surface proteome [16] and the human immune proteome in response to S. aureus colonization and infection have been analyzed [17] . The cell-surface proteins are involved in adhesion, invasion, and spread within the human body and thus play a major role in colonizing and infecting the host [18] . To survive within the airways for extended periods, bacteria need to adapt to the harsh conditions of the new environment, where nutrients are limited, the host immune response is active, coinfecting species are present, and other environmental conditions are constantly changing. Therefore, it is of importance to understand the adaptive mechanisms of S. aureus during chronic lung infection to develop new antistaphylococcal interventions.
In our study, we focused on the adaptation of S. aureus to the CF airways at the proteome level. To investigate the changes in the proteome of S. aureus in response to infection of the airways of an individual with CF, the first and the latest available isolate, which were recovered 13.2 years apart, were chosen for a detailed analysis. The phenotype and virulence properties of this strain pair have already been studied, with decreased colony size and capsule expression and increased hemolysis observed in the most recently recovered isolate [9] . Here, we investigated the cytoplasmic proteins of these isolates by using 2-dimensional (2D) gel electrophoresis and the cell surface-associated proteins by using a gel-free approach. The most important findings were corroborated genotypically by reverse transcriptionquantitative polymerase chain reaction (RT-qPCR) analysis and phenotypically by growth analysis and functional experiments involving this and additional strain pairs consisting of first and late isolates from 5 other patients with CF. We identified the upregulation of sodM, multiple adaptations of metabolic pathways and virulence factors, and an iron-scavenging phenotype after long-term persistence of S. aureus in the airways of an individual CF-patient.
MATERIAL AND METHODS

Bacterial Strains and Growth Conditions
S. aureus isolates were isolated and selected as described elsewhere [9] . We selected strain pairs from 6 of 29 patients of the original study (patients 3, 8, 12, 13, 20 , and 27; Supplementary Table 1) for deeper analyses, because airway specimens had been collected from them for culture for at least 1 year before S. aureus was initially isolated, indicating that the first isolate was obtained very early during infection. Subsequently recovered isolates were termed "early" and "late" isolates, to indicate the period of infection during which they were recovered. S. aureus laboratory strains were used for comparative analysis of gene expression (Supplementary Table 2 ).
Bacterial Growth Under Stress Conditions
Bacterial growth under stress conditions with paraquat and under iron-limited conditions were performed as described in the Supplementary Materials.
Preparation of Intracellular and Surface Proteins
For preparation of cytoplasmic proteins for 2D gel electrophoresis, bacteria from patient 20 were grown in tryptic soy broth (TSB) or artificial sputum medium (ASM). A detailed description of the procedure can be found in the Supplementary Materials.
SOD Activity Assay
The assay is based on the protocol for nitro blue tetrazolium staining conducted by Britigan et al [19] . A detailed description is given in the Supplementary Materials.
RNA Isolation and RT-qPCR
For transcriptional analysis of sodM and sarA, bacteria were cultivated as described for 2D gel electrophoresis. Analysis of sugar and iron-transporter expression (fruA, manP, treP, isdA, isdE, and sirA) was performed after cultivating bacteria as done for the preparation of cell-surface proteins. For isolation of RNA, RNAprotect (Qiagen) was added to bacterial cultures, and bacteria were harvested by centrifugation. A detailed description of the experimental procedure can be read in the Supplementary Materials.
RESULTS
Differences in Cytoplasmic Proteins Between First and Late Isolates From
Patients With CF
To investigate the adaptation of S. aureus to the airway environment in patients with CF, a strain pair consisting of the clonal first and the latest available isolate of an individual with CF (patient 20) [9] , was analyzed for changes in the cytoplasmic protein pattern. For 2D gel electrophoresis, cytoplasmic proteins were isolated from strains grown in TSB or ASM, with the latter chosen to mimic the in vivo situation [20] , until stationary growth phase. Comparison of intracellular protein pattern for isolates grown in TSB showed 40 protein spots with differences in intensity. Of these, we identified 16 ( Figure 1A and Supplementary Table 4 ). For isolates grown in ASM, 55 protein spots revealed changes in intensity in the late isolate. Of these, 27 proteins were identified ( Figure 1B and Supplementary Table 4 ). The most prominent functional group among changed proteins involved energy metabolism. Comparison of the data sets for both media revealed that 3 proteins were more abundant in the late isolate: fumarate hydratase (FumC), tRNA uridine 5-carboxymethylaminomethyl modification enzyme (MnmG), and a hypothetical protein (VgA). For strains grown in TSB, we detected a higher abundance of dihydrolipoyl dehydrogenase (PdhD), FumC, SA1131, and formate acetyltransferase (PflB) in the late isolate. For strains grown in ASM, we identified higher levels of L-asparaginase (AnsA), pyruvate dehydrogenase E1 component β subunit (PdhB), malate:quinone oxidoreductase (Mqo), and FumC and lower levels of urease subunits (UreC and UreB) and phosphoglyceromutase (GpmA) in the late isolate, compared with the first isolate. In addition, glycerol kinase (GlpK) was represented by 2 proteins spots, one with a greater abundance and the other with less abundance in the late isolate as compared to the first isolate.
Interestingly, virulence factor EsxA, which is secreted by the ESAT-6-like secretion system [21] , was more abundant in the late isolate grown in ASM. In addition, the putative universal stress protein SA1532 (UspA) was more abundant in the late isolate grown in TSB.
Another group of proteins, consisting of superoxide dismutase (SodM), chaperon (GroEL), and DNA topoisomerase IV subunit A (ParC), are involved in several stress responses [22, 23] . All of these proteins were more abundant in the late isolate grown in ASM.
Owing to the chronic inflammation and high number of neutrophils in the airway of individuals with CF, bacteria are highly exposed to superoxide radicals [24] . To investigate whether the upregulation of SodM might be a common adaptive mechanism of persistently colonizing S. aureus isolates from patients with CF, we further analyzed the expression of sodM on the transcriptome level, using RT-qPCR analysis of persistently colonizing isolates from 5 more patients with CF (patients 3, 8, 12, 13, and 27) [9] and compared it to the sodM expression in the S. aureus laboratory strains Cowan I, Newman, and SH1000 (Supplementary Figure 1) . Of 6 strain pairs, consisting of first and late isolates, 5 late isolates showed upregulation of sodM transcription, with significant upregulation in 4 ( Figure 2) . Interestingly, most of the clinical strain pairs expressed significantly higher levels of sodM, compared with laboratory strains (Supplementary Figure 1) .
In addition, we analyzed the transcription of sarA, since the regulatory protein SarA has been shown to be directly involved in the regulation of S. aureus sod gene transcription [25] . However, there were no significant changes in sarA expression on the transcriptome level in our strain pairs (data not shown).
To further investigate the upregulation of sodM transcription in the late isolate from patient 20, 2 functional assays were performed. First, the first and late clones from this patient were cultivated in medium that was supplemented with the superoxide radical-producing agent paraquat. Under these oxidative stress conditions, the late isolate was significantly more able to survive in contrast to the first clone, especially after entering the late logarithmic growth phase (Figure 3) . The second experiment, a native polyacrylamide gel electrophoresis-based SOD activity assay (Supplementary Figure 2) , revealed that, during the mid-logarithmic growth phase and under highly aerated growth conditions, the long persisting clone of patient 20 showed higher SodM and SodA-SodM activity than the first isolate. In fact, under these conditions, no SodM activity could be detected in the first isolate from Comparative analysis of the cytoplasmic proteome of first and late isolate from patient 20 by 2D gel electrophoresis after cultivation of bacteria for 6 hours in tryptic soy broth (TSB; A) or artificial sputum medium (ASM; B). First, proteins were separated by immobilized pH gradient as indicated at the top of the gels. A second separation was done according to the molecular weight of the proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels represent overlays of the 2D gel of the first and the late isolate. Green-labeled spots represent proteins with lower abundance, red-labeled spots represent proteins with greater abundance in the late isolate as compared to the first isolate, and yellow-labeled spots represent proteins with no difference in abundance between the first and late isolates. Quantification of all data is summarized in Supplementary Table 3. Expression of sodM in first and late isolates from 6 different patients with CF, as determined by quantitative reverse transcription-polymerase chain reaction analysis, after cultivation of bacteria for 6 hours in artificial sputum medium. Data were normalized against findings for the reference genes gyrB and aroE. *P ≤ .05 and ***P ≤ .001, by an unpaired 2-tailed t test.
patient 20 ( Figure 4A) . Although the addition of paraquat raised the SodM activity in the first isolate, the activity of SodM in the late isolate was still higher ( Figure 4B ), whereas SodA activities were similar in both isolates.
Alterations of Cell Surface-Associated Proteins
Cell surface-associated proteins have been shown to play important roles in the pathogenicity of S. aureus [26] . Therefore, we analyzed the cell surface-associated proteome of the strain pair of patient 20 in more detail. Samples were collected during the early logarithmic, late logarithmic, and stationary growth phases from strains grown in TSB. In a biotinylation approach, the cell surface-associated proteins were enriched by affinity chromatography with NeutrAvidin agarose resin and analyzed using liquid chromatography-mass spectrometry. In total, 253 cell surface-associated proteins were identified, of which levels of 48 different proteins in the late isolate differed significantly and by at least 2-fold from those in the first isolate. Specifically, levels of 14, 23, and 25 proteins were significantly changed during early logarithmic, late logarithmic, and stationary growth phases, respectively (Supplementary Table 5 ). Among them, we identified 3 that showed a changed accumulation in all 3 growth phases: the immunoglobulin G-binding protein Sbi and the hypothetical proteins SA1056 and SA1402. Lipoteichoic acid synthetase (LtaS), N-acetylmuramoyl-L-alanine amidase (Atl), protein FmtA, preprotein translocase unit (YajC), ATP synthase chain B (AtpF), acid phosphatase (SA0295), tandem lipoprotein (SA0403), and a hypothetical protein (SA0570) showed a changed accumulation in 2 of 3 growth phases.
Levels of several proteins from different transport systems were changed in the late isolate, compared with the first isolate. Three of these proteins are involved in iron utilization. In one of the siderophore-mediated pathways, the siderophore staphylobactin ABC transporter substrate-binding protein SirA, which is part of the complex mediating the uptake of staphyloferrin B [27] , was more abundant in the late isolate. In the heme-mediated pathway, 2 iron-regulated surface determinant proteins (IsdA and IsdE) were present at greater levels in the late isolate. RT-qPCR corroborated the significant upregulation of the respective genes in the late isolate of patient 20 during the stationary growth phase ( Figure 5 ). Additionally, a functional assay revealed the strong ability of the long-persisting clone to survive under iron-limited conditions during the entire growth phase (Figure 6 ).
In contrast, we observed the downregulation of 3 components of the phosphoenolpyruvate carbohydrate phosphotransferase systems (PTS), which catalyzes the phosphorylation of sugar substrates during their translocation across the cell membrane [28] . FruA, ManP, a FruA homolog, and TreP represent the transmembrane components of the PTS responsible for transport of fructose and trehalose, respectively. These findings were verified at the transcriptional level during the late logarithmic and stationary growth phases, using RT-qPCR ( Figure 7) . Furthermore, we identified 2 proteins of a sec-dependent protein secretion system to be regulated differently after long-term colonization. The protein-export membrane protein SecDF and the YajC-preprotein of the translocation unit, which form a complex in the sec-dependent protein secretion system, were more abundant in the late isolate.
Unexpectedly, we identified clumping factor B (ClfB), the primary fibrinogen binding protein important for nasal colonization [29] , and (Sbi), an immunoglobulin G binding protein First Late Figure 6 . Growth under iron-limited conditions for isolates from patient 20. Isolates were grown in tryptic soy broth with or without addition of 6 mM of 2,2-bipyridyl at 37°C under aerated conditions. Data are represented as relative growth, calculated by dividing growth in treated bacterial cultures by growth in untreated bacterial cultures. *P ≤ .05 and **P ≤.01, by an unpaired 2-tailed t test.
[30] that also interferes with the immune system [31] , to be less abundant in the late isolate than in the first isolate.
DISCUSSION
In this study, we investigated the adaptation of S. aureus at the proteome level during persistence in the airways of an individual with CF (patient 20) [9] for >13 years . In addition, strain pairs from 5 more patients with CF were used to corroborate the results at the transcriptional level for select genes.
One of the most important findings of our study was that we detected a higher abundance of the second superoxide dismutase SodM in the late isolate, which is unique to S. aureus and which is usually expressed at lower levels than the major superoxide dismutase SodA [32] . In CF, the lung is characterized by massive neutrophil recruitment [33] and increased oxidative stress as an effect of pulmonary inflammation [34] . SodM and SodA are proteins that detoxify reactive oxygen species and are therefore most likely involved in protecting bacteria against neutrophil attack [35] . To confirm that the higher abundance of SodM in the late isolate from patient 20 was the results of an adaptive mechanism during persistence, we performed transcriptional analyses of sodM in 5 first and late strain pairs from other patients with CF. Importantly, upregulation of sodM transcription was detected for 4 more late isolates among the analyzed first and late strain pairs. At the functional level, we also verified increased expression of SodM by detecting a clear growth advantage of the late isolate from patient 20 under oxidative stress conditions in vitro, compared with the first clone. Moreover, sodM expression in most clinical S. aureus isolates from patients with CF was higher than in laboratory S. aureus strains, indicating an important role of SodM in chronic S. aureus airway infection during CF. Such data point to a general adaptive mechanism of S. aureus to the airways of patients with CF, with the selection of isolates with high SodM expression and activity. Therefore, the same adaptation of higher sodM expression in different bacterial lineages indicates the importance of this protein for the survival of the bacteria in the neutrophil-rich airways in CF.
Interestingly, a role for SODs in stress resistance has been demonstrated by Clements et al [23] . Strains isolated from patients with staphylococcal infections revealed significantly higher SOD activity than strains isolated from healthy volunteers [36] . Also, Karavolos et al revealed that SodA and SodM both contribute to virulence of S. aureus, using sodA, sodM, and sodA-sodM mutants in a mouse abscess model [32] . Furthermore, Garcia et al [37] identified SodM as important for resistance against calprotectin [38] , which is highly expressed in neutrophils and composes 40%-60% of the cytoplasmic proteins of neutrophils [39] .
Another important finding was the upregulation of proteins involved in iron acquisition in both iron-acquisition pathways of S. aureus-via hemoglobin (IsdA and IsdE) and siderophores (SirA)-as a consequence of adaptation to conditions of iron availability within airways during CF. Iron is known to be of great importance for bacterial growth and survival in the host. It is used either as a cofactor, within iron-sulfur clusters, or in heme groups to enable enzyme function during key metabolic processes [40] . In S. aureus, exposure to iron limitation is followed by the upregulation of iron-acquisition mechanisms, a reduced abundance of numerous enzymes of the TCA cycle, and an increased abundance of glycolytic enzymes [41] . Adaptation yielding upregulated iron acquisition activity has also been observed for P. aeruginosa and Burkholderia cenocepacia during chronic airway infection in CF [42, 43] . The iron-scavenging phenotype of the late S. aureus isolate after long-term infection represents an important adaptive process for S. aureus to survive and persist within the lung during CF. Figure 7 . Expression of the sugar transporter genes fruA, manP, and treP in isolates from patient 20 was analyzed by RT-qPCR. Bacteria were cultivated in tryptic soy broth, and samples were collected during different growth phases. A, Samples collected during the late logarithmic growth phase. B, Samples collected during the stationary growth phase. Data were normalized against findings for the reference genes gyrB and aroE. *P ≤ .05 and **P ≤.01, by an unpaired 2-tailed t test.
We also detected changes in proteins involved in metabolic pathways, which is in line with data from Sriramulu et al, who revealed downregulation of proteins involved in amino acid metabolism, fatty acid metabolism, and energy metabolism [20] . They hypothesized a shutdown of metabolic pathways that are not required in airways during CF, where nutrients are abundant. Furthermore, we identified 3 proteins of the PTS system (FruA, ManP, and TreP), which are responsible for the transport of sugars into the bacterial cell, to be less abundant in the late isolate. Trehalose, which is the substrate for TreP, is a nonmammalian sugar, and therefore expression of a TreP-uptake system would waste valuable resources. Such decreased expression has also been reported by Beherends et al to occur for P. aeruginosa, which used less trehalose as the infection duration increased [44] .
We also observed some unexpected results with regard to cell wall-associated proteins, with proteome analysis revealing that the 2 important virulence factors, ClfB and Sbi, were less abundant. Although ClfB has been shown to promote colonization of human nares [29] , which is important during the early phase of the infection, the expression of the protein seems to be dispensable once chronic airway infection has been accomplished. It was also surprising to detect a lower abundance of Sbi, which interferes with the adaptive host immune response by binding to IgG. This could probably be explained by the fact that, in the airways of CF patients, prolonged endobronchial protease activity involving the neutrophil-released protease human leukocyte elastase (HLE) has been reported [45] . HLE is capable of interfering with the host immune system by cleaving IgG into Fc and Fab fragments, thereby inhibiting phagocytosis and killing of P. aeruginosa [46] . In addition, HLE cleaves the C3b opsonic complement fragment of C3 on the surface of bacteria, impairing complement-mediated phagocytosis [47] . Thus, it seems that, in the protease-rich environment of the CF-affected lung, bacteria do not necessarily have to interfere with the immune response themselves and that downregulation of an IgG binding protein such as Sbi might be a reasonable finding.
Data resulting from our analysis of late S. aureus isolates were only partly accordant with findings of Chaffin et al, who studied transcriptomic changes of S. aureus during early adaptation to the murine lung [48] . In line with their data, we detected the upregulation of UspA, a putative universal stress protein, which is induced in response to various stress conditions [15] . In contrast to our data, Chaffin et al revealed upregulation of several carbohydrate-uptake systems, including components of the PTS system [48] . Therefore, adaptive strategies used by S. aureus during initial colonization and acute infection of airways of mice cannot be compared to our data of in vivo adaptation observed in S. aureus during long-term persistence in the airways of patients with CF.
There are limitations of our study. We cannot rule out that the effects that we observed are truly caused by in vivo adaptation, rather than by adaptation to in vitro conditions unique to the different media. To clearly show in vivo adaptation, dual RNAseq experiments should be performed on our clinical strain pairs by infecting lung epithelial cells or challenging neutrophils.
In summary, we investigated adaptive changes of S. aureus at the proteome level after long-term persistence in the respiratory tract of an individual with CF. Important results were corroborated by RT-qPCR and functional assays involving the same isolates and additional strain pairs from 5 more patients with CF. Our results give evidence for general adaptive mechanisms of S. aureus during long-term persistence in CF-affected airways. We detected the upregulation of sodM, multiple adaptations of metabolic pathways and virulence factors, and an iron-scavenging phenotype after long-term persistence. Taken together, our in vitro data provide insights into the in vivo adaptive processes of S. aureus during long-term persistence in the airways of CF patients.
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